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Myosin V and myosin VI are two classes of two-headed molecular motors of the myosin superfamily that move
processively along helical actin filaments in opposite directions. Here we present a hand-over-hand model for their
processive movements. In the model, the moving direction of a dimeric molecular motor is automatically determined
by the relative orientation between its two heads at free state and its head’s binding orientation on track filament.
This determines that myosin V moves toward the barbed end and myosin VI moves toward the pointed end of actin.
During the moving period in one step, one head remains bound to actin for myosin V whereas two heads are detached
for myosin VI: the moving manner is determined by the length of neck domain. This naturally explains the similar
dynamic behaviours but opposite moving directions of myosin VI and mutant myosin V (the neck of which is truncated
to only one-sixth of the native length). Because of different moving manners, myosin VI and mutant myosin V exhibit
significantly broader step-size distribution than native myosin V. However, all the three motors give the same mean

step size of ~36nm (the pseudo-repeat of actin helix). All these theoretical results are in agreement with previous
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experimental ones.
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1. Introduction

Among the superfamily of myosin, class V and
class VI myosins have been demonstrated to be able
to move processively along helical actin filaments.[1~7]
Myosin V moves toward the barbed ends while myosin
VI toward the pointed ends of actin filaments.[8°! Pro-
cessivity means that one molecule can undergo mul-
tiple ATPase cycles and coupled mechanical steps for
each diffusional encounter with actin. This is adapted
obviously for their cellular functions in organelle and
vesicular transport. The opposite moving directions
imply their distinct roles. Both myosin V and myosin
VI are composed of two heavy chains, each consisting
of a motor domain (MD), a neck domain, an a-helical
coiled coil and a globular target-binding domain. 810!
One of the main structural difference of myosin V
and myosin VI is in their neck domains: The neck
of myosin V has six light-chain binding sites (IQ mo-
tifs) bound with six calmodulins, while that of myosin
VI has only one IQ motif bound with one calmodulin.
Consequently the neck of myosin VI is much shorter

than that of myosin V. Another structural difference

is that myosin VI has two small insertions of 9 and
13 residues in a region between the nucleotide pocket
and the actin binding interface of the MD and has one
large insertion of 53 residues between the IQ motif and

the converter domain in the MD.

Now there is no consensus as to the mechanism
of the processive movement of myosin V and myosin
VI. The presently prevailing model for myosin V is the
hand-over-hand model which is based on the lever-arm
mechanism.[2%11-15] T the model, it is supposed that
the motor maintains continuous attachment to actin
by alternately repeating single-headed and double-
headed binding.

heads move in a coordinated manner and alternately

The model requires that the two
move past each other. The model can explain the
experimental results of the dynamics such as the av-
erage step size (~36nm). Especially, a recent elegant
experiment by Yildiz et al,*®! in which they used a
high-resolution single fluorophore imaging technique
to track a single fluorophore attached to one of the
long myosin heads as it moves along actin, provides
compelling evidence in favour of the hand-over-hand

model. However, with this model it is difficult to ex-
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plain the experimental observations on mutant myosin
V by Tanaka et al. 1% Although the neck of myosin V is
truncated to only one-sixth of the native length, sur-
prisingly they found that the mutant myosin V can
still make processive movements along actin and, in
addition, the average step size is still ~36nm! More-
over, in order to explain the large step size of myosin
VII6:7! with the model, it has to assume that myosin VI
operates by a combination of a short power-stroke of
the short lever arm (neck domain) coupled with a sig-
nificantly extended conformation adopted by the 53-
residue large insertion./®! However, as just mentioned,
mutant myosin V having only one IQ but no such an
insertion can still make large steps!

An alternative model based on biased Brownian
motion has been proposed for myosin V and myosin
VL3 There the movement of a myosin is realized
by biased thermal diffusion of its heads along actin.
Thus the neck length does not affect the step sizes.
The model is supported by the experimental results
with myosin VI and mutant myosin V. However, it is
not consistent with the experimental observation for
myosin V in Ref.[15]. In addition, the origin of the
potential slope is not clear.

For quantitative study of the dynamics of molecu-
lar motors, two approaches are often used. One is the
multistate chemical kinetic description where it is pos-
tulated that a motor protein molecule steps through
a sequence of discrete chemical states.[!18] The other
one is the thermal ratchet model in which a molecular
motor is viewed as a Brownian particle moving in two
(or more) periodic but spatially asymmetric stochas-
tically switched potentials.[t9—22]

In this paper, we propose a new hand-over-hand
model that can explain not only the processive move-
ment of native myosin V, but also that of myosin VI
and mutant myosin V. According to this model, the
moving direction of a dimeric motor is determined
by the relative orientation between the two heads at
free state of the motor and its head’s binding orien-
tation on track filament; its mean step size is deter-
mined by the pseudo-repeat of actin helix. The model
does not require the two heads’ coordination in their
ATPase and mechanical cycles. Rather, the ATPase
activities at the two heads are independent. During
the moving period in one step, one head is bound to
actin for myosin V, whereas both heads are detached
for myosin VI. Using the model, the rather puzzling

(16]

experimental results of mutant myosin VI*°! become

readily understandable: mutant myosin V has a very

similar dynamic behaviour but opposite moving di-
rection compared with myosin VI. The significantly
greater spread of step-size distribution of myosin VI
(or mutant myosin V) than that of native myosin V is
easily explained. The theoretical results of the dwell
duration between steps versus load for different [ATP]
and the dwell duration versus [ATP] at low load for
myosin V are in agreement with the previous experi-

mental results.[!]
2.Myosin V

We assume that the free state of myosin V is as
shown in Fig.1(a) (left) and its MD binds to the bind-
ing site on actin in an orientation as shown in Fig.1(a)
(right). Since the coiled coil that connects the two
neck domains contains no IQ motif and calmodulin,
the distance between the two MDs can vary easily
within a limited range around their equilibrium dis-
tance. This is consistent with the electron microscopic

observations.[23]

myosin V

pointed end  barbed end

(a)

myosin VI

(b)

truncated myosin V

Fig.1. Schematic drawing of the relative orientation between
the two heads of the dimeric myosin at free state (left) and
the binding orientation of its MD to actin filament (right).
The MDs are represented by gray ellipsoids, neck domains are
shown in white and coiled-coil in black. The actin monomers
(a) Myosin V. Its neck

domain has six IQ light chains bound with six calmodulin

are represented by gray spheres.

molecules (circle). (b) Myosin VI. Its neck domain has only
one IQ light chain bound one calmodulin molecule, and there
is a unique insertion (square) between the neck and the MD.
(c) Mutant myosin V with its neck domain truncated to only

one-sixth of the native length.[16l.
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Because each head of myosin V has a long neck
domain, containing six IQ motifs plus six calmod-
ulins, it is reasonable to assume that the neck is elas-
tically bendable. Thus the two heads can bind si-
multaneously to two equivalent motor binding sites
(~36nm apart) along actin in equivalent orientations
(Fig.2(a)). Note that the neck shapes in Fig.2(a),
which are determined by the internal elastic force and

torque resulting from the change of the orientation

effective mechanochemical cycle

(a) aw
pointed end

(®)

@ () (1)

of the right MD from that in Fig.1(a), are consistent
with the observations by electron microscope.?4] Once
one of the two heads or both become free, the internal
elastic force and torque drives the dimeric myosin V to
its free (or equilibrium) state (Fig.2(b)). This is based
on the principle of minimum free energy, for the equi-
librium state has the minimum free energy and the

rigor state (Fig.2(a)) has a greater free energy.

futile mechanochemical cycle

@ (1) (1)

Fig.2. Schematic illustrations of the proposed movement mechanism of myosin V. The moving

direction is from the pointed end to barbed end of actin.

The structural studies of myosin heads and actin
helix filaments by x-ray crystallography reveals that a
myosin MD, for example, of a vertebrate smooth mus-
cle myosin has +16 net elementary charges/?® and a
monomer of actin has 5 net elementary charges.!2
Thus we assume that the binding force between a
myosin MD and the actin filament is electrostatic.
When the MD is very close to a binding site of actin,
the electrostatic binding force is dependent on the

27:28] thus re-

charge distributions on the two surfaces, |
sulting in a fixed binding orientation of the MD on

actin (Fig.1(a) (right)).

The conformational change of a myosin head at
its actin-binding site results in the variation of the
electrostatic binding force between the myosin head
and actin, as in the case of kinesin.[??! Here we give
an illustration of whether ATP binding or ATP hy-
drolysis results in the weakening of the binding force.

Using Tryp fluorescence De La Cruz et all3°! deter-

mined an ATP hydrolysis rate of ~750s~! for myosin
V, and Trybus et all'% experimentally determined a
myosin dissociation rate of ~ 850s~! by ATP binding.
Both rates are nearly the same and are much higher
than the ATPase cycle rate of 12-15s~1.[3% Therefore,
either hypothesis that ATP binding promotes the MD
detachment or that ATP hydrolysis leads to the weak-
ening of binding force is consistent with the experi-
mental result. In the case of kinesin which performs
the same task of intracellular transport and is in the
same solvent environment as myosin V, it is the ATP
hydrolysis and then P; release that results in the weak-

ening of binding force.!3!]

The proposed mechanism for the processive move-
ment of myosin V is similar to that of kinesin.!?! We
begin with two heads bound to the two binding sites
(i.e. rigor state) by the electrostatic binding forces, as
shown in Fig.2(a) or 2(a’). According to the moving

direction, we will call the head close to the barbed end
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the leading head and that close to the pointed end the
trailing head for myosin V.

We now consider the two cases for ATP binding.

(1) ATP binds to the trailing head earlier. The
increase of the screening effect on the negative charges
of the actin-binding site induces the electrostatic bind-
ing force to become smaller than the internal elastic
Thus the trailing head is detached and then
driven to its equilibrium position (Fig.2(b)), the trail-
ing head becoming the new leading head (ADP-P;

bound). Then the electrostatic force from some bind-

force.

ing site of actin near the new leading head induces
the head coming close to the binding site. P; is then
rapidly released upon contacting of the detached head
with actin, and then the strong binding force over-
comes the elasticity of retaining the equilibrium state,
driving the MD to its binding orientation (Fig.2(c)).
Thus a forward step is made with one ATP being hy-
drolyzed (1:1 coupling).

(2) ATP binds to the leading head earlier. The
leading head is then detached and the internal elastic
force and torque drive the leading head to its equilib-
rium state (Fig.2(b’)). After the charge density of the
counter-ions adsorbed onto the actin-binding surface
relaxes to the equilibrium, the detached head is bound
[as in case (i)] to the binding site again by the recov-
ered binding force (Fig.2(c’)). Then ATP binds to the
trailing head and is hydrolyzed, and myosin V makes
a forward step as in case (1). Two ATP molecules are
consumed to make this forward step (2:1 coupling).
After this step ATP has a larger probability to bind
to the new trailing head earlier than the new leading
head if the ATPase cycle rates at the two heads are
assumed to be the same.

In fact, in the rigor state as shown in Fig.2(a)
there exist a forward internal elastic force on the trail-
ing head and a backward force on the leading head.
As will be discussed in detail in Section 5, this results
in that the ATPase rate at the trailing head is much
higher than the leading head. Therefore, myosin V
generally hydrolyzes one ATP per step (1:1 coupling).

3. Myosin VI

We assume that the free state of myosin VI is as
shown in Fig.1(b) (left) and its MD binding orienta-
tion is as shown in Fig.1(b) (right). Note the different
relative orientation between two heads of myosin VI
(Fig.1(b) (left)) from that of myosin V (Fig.1(a) (left))
and mutant myosin V (Fig.1(c) (left)). The difference

may be due to the presence of small insertions in the

MDs of myosin VI. This conjecture is based on the
experiment by Homma et all®) where by constructing
various chimaeric myosins with different combinations
of the MDs and necks from myosin V and myosin VI
they found that it is the MD that determines the di-
rection of myosin movement.

Because myosin VI has a short neck domain, con-
taining only one I1Q motif plus one calmodulin, it will
be much more rigid to bending than the neck of myosin
V. In other words, it requires much stronger force and
torque to change the relative orientation between the
two heads from that as shown in Fig.1(b) (left) to
the situation in which the two heads are in equiva-
lent binding orientations. Therefore, once a head is
bound to a binding site of actin, we assume that the
other head cannot bind to some nearby binding site
but still remains at its equilibrium position. This is
different from myosin V as mentioned in Section 2 and
from kinesin.?”! In the case of kinesin, although the
neck linker of a head is also short, because there is
no calmodulin binding, it is considered to be elasti-
cally stretchable/compressible and bendable. In ad-
dition, the binding force of microtubules is stronger
than that of actin, and this stronger binding force can
overcome the internal force and torque and drive the
unbound kinesin head bound to microtubules. That
is, in the rigor state, two kinesin heads are bound to
microtubules.

The proposed mechanism for the processive move-
ment of myosin VI is described as follows. We begin
with one head (in nucleotide-free state) of myosin VI
bound to a binding site of the actin filament. As re-
quired by the equilibrium state the unbound head (in
ADP-P;-bound state) will be in the position as shown
in Fig.3(a). According to the moving direction, we will
call the head close to the pointed end the leading head
and that close to the barbed end the trailing head for
myosin VI (noting the difference from myosin V).

ATP binding at the bound myosin head leads to
the increase of the screening effect on the negative
charges of the nearby actin-binding sites, resulting
in the weakening of the electrostatic binding force of
the nearby binding sites. Now the electrostatic force
between the positively-charged leading head and the
negatively-charged binding sites is asymmetric in the
horizontal direction, as shown in Fig.3(b), where the
binding site with the strongest electrostatic binding
force is shown in dark and as the colour becomes
lighter the electrostatic binding force becomes weaker.

Therefore, the horizontal component Fg of the net
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electrostatic force acting on the leading head points
On the other hand,

because the present electrostatic force between the

to the pointed end of actin.

trailing head and the actin-binding sites is symmet-
ric, the horizontal component of the net electrostatic
force acting on the trailing head is zero. Thus driven
by Fg from the leading head, the trailing head is de-
tached from the weak binding site (Fig.3(b)), and then
myosin VI diffuses toward the pointed end (Fig.3(c)).
Note that there always exists the vertical component
of the net electrostatic force, acting on myosin VI, that
points toward actin during diffusion and this prevents

myosin VI from diffusing away from actin.

(b)

@ (1) (1)

Fig.3. Schematic illustrations of the proposed move-
ment mechanism of myosin VI. The moving direction

is from barbed end to pointed end.

Since now both heads are detached, even a weak
binding force can make the leading head bind to some
nearby binding site of actin in the fixed orientation
with P; release (Fig.3(d)). The binding probability
follows the bound level distribution (which depends on
the electrostatic binding force) as measured by Mehta
et all3? and Steffen et all*3] and, therefore, the step
size of myosin VI has a broad distribution similar to
that of the bound level. Once the leading head binds

to actin, the trailing head will immediately become
the new leading head as required by the equilibrium
state (Fig.3(d)). The new bound head is now in ADP-
bound state. Activated by actin, ADP is released and
the trailing head becomes nucleotide-free (Fig.3(e)).
One mechanochemical cycle is completed, with one
ATP being hydrolyzed per step (1:1 coupling).

It is noted that the moving behaviour of myosin
VI is different from that of myosin V. (1) For myosin
V there is always one head bound to actin and the
two heads can bind to actin simultaneously, whereas
for myosin VI both heads can be detached from the
actin simultaneously but can never bind to actin si-
multaneously. The moving behaviour of the former is
like human walking, whereas that of the latter is some-
what like human running. (2) Myosin V moves pro-
cessively to the barbed end of actin, whereas myosin
VI moves processively to the pointed end. The moving
directions of dimeric motors, including kinesin, are de-
termined by the relative orientations between the two
heads at free states of the motors and their heads’
binding orientations on the track filaments.

It is interesting to note that, if the neck domain
of myosin V is mutantly truncated to only one-sixth of
the native length, its moving behaviour and dynamics
should become the same as those of myosin VI except
for the moving direction. The relative orientation be-
tween the two heads of mutant myosin V at free state
(Fig.1(c) (left)) and its head’s binding orientation on
actin (Fig.1(c) (right)), which are the same as those
for native myosin V, determine its processive move-
ment to the barbed end. This is consistent with the
experimental results of Tanaka et al.[18] The step-size
distribution of mutant myosin V is the same as that
of myosin VL[®7 but the moving direction of it is op-

posite to that of myosin VI.
4. Moving time in one step

In this section we will calculate the moving time
7 of myosin V and myosin VI in one step. To this end,
we resort to the following equation for an over-damped

Brownian particle:
Fdx/dt = Fdriving - and + f(t)7 (1)

where I' is the frictional drag coefficient, Fy,iving the
driving force, and Floaq the force by load; f(t) is the
fluctuating Langevin force.

Myosin V The moving time 7 is defined as the

time for the detached head moving from binding site
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(I) to binding site (III) in Fig.2. From the Stokes for-
mula we have I' = 6mnr;, = 9.4 x 10~ kg-s™!, where
the viscosity n of the aqueous medium of a cell around
myosin V is approximately 0.01g-cm™!-s™! and the
myosin head is approximated as a sphere with radius
r, ~ bnm. The driving force is assumed to be equal to
the stall force, Fdriving:3pN.[1] From Eq.(1) we obtain
that the mean first-passage time T, i.e. the moving

time 7, for the detached head to travel a distance of

L=2d has the form/2°]

T:Fid {Lﬂ% <exp<—%L> —1>], @)

where Fd = (Fdriving —and)/F, D = kBT/F, and
d is the actin helix pseudo-repeat (~ 36 nm). From
Eq.(2) we obtain the moving time 7 versus load as
shown in Fig.4. It is seen that 7 &~ 2us at Fjo,q = 0.
With the increase of F,aq the moving time 7 increases.
Since the experimental values of 7 are not available
now, we cannot make a direct comparison between the
calculated and measured values. However, the calcu-
lated values shown in Fig.4 are in the same range as
the measured ones of 0-50us for kinesin.[*¥ At stall

force, i.e. Figad = Fariving, T becomes infinity.

20 ——T——T—

15

10+

T/us

myosin V.

0.0 1.0 2.0 3.0
Load/pN

Fig.4.

myosin V and myosin VI.

Moving time 7 in one step versus load for

Myosin VI
the time for myosin VI to diffuse from the position
shown in Fig.3(b) to that in Fig.3(d) driven by force
Fariving = Fg. Because there are two heads, we
take I' = 12mnr, = 1.88 x 107 %kg-s~1. The driv-
ing force is assumed to be equal to the stall force,
Fdriving:2.8pN.[6] Using Eq.(2) and letting L = d,

we obtain the moving time 7 versus load as shown

The moving time 7 is defined as

in Fig.4. Tt is seen that the values of 7 for myosin VI

are close to those for myosin V.

5. Dynamics

As we noted in the above section, the mov-
ing times of myosin V and myosin VI in one step
are several orders shorter than ATPase cycle time
(~100ms!3°l). Thus, during one ATPase cycle both
heads are almost always bound to actin for myosin
V and one head bound to actin for myosin VI. This
means that the moving velocities of myosin V and
myosin VI actually only depend on the ATPase rates
at two heads in rigor state in Fig.2(a) for myosin V
and that in Fig.3(a) for myosin VI.

To calculate ATPase rate K at a head, we define
the mean ATP binding rate, ky, = kpg [ATP], and the
mean ATP turnover rate, k.. Then K can be written

as (see Appendix)

_ kJATP]
~ [ATP] + ke/kno (3)

For a more precise calculation of K, we should
consider the probability distributions of ATP binding
time and ATP turnover time instead of their mean
values t, = 1/ky, and t. = 1/k.. For this purpose, we
set g(t) to represent the probability distribution of the
time interval between two successive collisions of ATP
molecules with the ATP binding site of a myosin head
and h(t) to represent the probability distribution of
ATP turnover time, i.e. the time interval from ATP
binding to ADP release. Usually, g(t) and h(t) are
independent and they take the following forms:

g(t) —% [exp(—aqt) — exp(—aqt)], (4a)
h(t) = kfl_kjﬁ [exp(—kqt) — exp(—kot)].  (4b)

Thus the mean ATP binding time is ¢, = kgl =
(a1 + az)/ajasz, and the mean ATP turnover time
te = k7t = (ky + ko) /k1ky. The two-exponential dis-
tributions are consistent with the measured distribu-
tions of dwell time for myosin V (Fig.3 of Ref.[2]).
Note that at high [ATP] the dwell-time distribution
is approximately determined by h(t); whereas at low
[ATP] it is approximately determined by g¢(t). From
the experiment, we know that ks > k; and as > ay.

From Egs.(4a) and (4b) we obtain the mean AT-

Pase cycle time (see Appendix)

a; + ag ajas 1

a1az

ko kv +aq k1 + ay
i (o] )

T:

as —ay ky — ky
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where a1 = ago) [ATP], a2 = ago) [ATP] and ([...] is

zeta function. The mean ATPase rate is
K =1/T. (6)

When there is a force F' exerted on the MD in the

moving direction of myosin V, we have (see Appendix)

kz()(l + Ac) .
;= =1,2
ki 1+ Acexp(—F§/kgT)’ (i=12), (7a)
RO aio(l + Ap) (i=1,2). (7b)

¢ 14 Apexp(—F3/kpT)

Myosin V When there is a load Fj.q in the op-
posite direction of myosin V movement, the forces ex-
erted on the MDs of the two heads in rigor state can be
calculated by referring to Fig.5, where the neck length
and the angles between necks and actin are taken in
accordance with the experimental results.[*>] Thus the
forces on the two MDs in the motor’s moving direction

can be written as

Ftrailing - (FO - Fioad) Cos 350) (8&)
Floading = —Fo c0s 35° — Flgaq cos 52°, (8b)

It should be

noted that we use the net internal force Fy on the

where Fp is the internal elastic force.

leading head in Eq.(8b) for simplicity.

Fig.5. Geometry used to calculate forces acted on the
MDs of myosin V when there is a load Fl,.q. Fp is the
internal elastic force, i.e. the force acting on the MDs

when there is no load.

Since the ATPase rate at the trailing MD is much
faster than the leading MD (which will be seen be-
low), the dwell duration between steps tq (or the
moving velocity V') is essentially only dependent on
the ATPase rate Ki,iling at the trailing MD, i.e.
ta = 1/Kiraiting. Using Eqs.(5)—(8a), the experimen-
tally measured dwell duration ¢4 versus load (Fig.2(d)
in Ref.[1]) can be fitted well, as is shown in Fig.6(a).

It is noted that from the fitted values of parameters
k1o and kog we have k1=10.3s"! and k,=123s"" at low
loads (where load and tq are uncorrelated), which are
very close to the experimental values of ky=12.5s"!
and ky=150s"" for dwell-time distribution at saturat-
ing [ATP]=2mM (Fig.3A of Ref.[2]).
the fitted values of a;o and asy we have a;=1.6s"! and
a;=8s~! at low [ATP]=2 uM and low loads, which

are close to the experimental values of a;=2.7s~! and

Similarly, from

a;=13.8s"" for dwell-time distribution at the same
[ATP] (Fig.3C of Ref.[2]).
figure we also show the result calculated by using

Eqgs.(3), (7) and (8a). Note that at [ATP]=2mM the

dashed curve coincides with the solid curve. We see

For comparison, in the

that the theoretical results by using probability distri-
butions of ATP binding time and ATP turnover time

are in better agreement with the experimental results

than those by using their mean values. Using the
10 T T T T T 3
E (a) 7
' [ATP]=1xM
n
¥ feed o lo.pooge---
g -
] 1 l I E
= 4
3 ]
ES N ]
A | i
0.1F I E
F 1 1 L
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Load/pN
10— T T T E
E (b) ]
= ! load=2.7pN |
3
g. 1F
= b
) F
2 [
A L
0.1 E— 'E
S I R T R,
1 10 100 1000
ATP concentration/uM
Fig.6. Mean dwell duration tq of myosin V: (a)

as a function of load at different [ATP]; (b) as a
function of [ATP] under different loads. Experimen-
tal values (circles and squares) are redrawn from
Ref.[1]. Solid curves are calculated by using Egs.(5)—
(8a). Dashed curve is calculated by using Egs.(3),
(7) and (8a). The parameter values: §=18.3nm,
k10=0.255s"1, kog=3s"1, A.=40, a10=0.72uM1.s71,
az0=3.6uM~1.s71 Ay =0.1. The elastic force between
the two heads is taken as Fp=3pN.

parameter values in Fig.6(a) we calculate t4 versus

[ATP], which is shown in Fig.6(b). The theoretical
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result is in agreement with the experimental one at
low loads.!!) In Fig.7 we show the calculated ATPase
rates versus [ATP] at the two heads for Floaq=0. It
can be seen that the ATPase rate at the trailing head
is much faster than the leading head, indicating that
myosin V generally hydrolyzes one ATP per step (1:1

coupling).
T 'll'] T L Illll] T T 17T lll'l T T rr
10 3
. 3 trailing head ]
T ]
~~ .
o
3
- 1 - =
2 : E
g leading head ]
< ]
0.1 3
F T I T B
1 10 100 1000

ATP concentration/uM

Fig.7. ATPase rates at the trailing head and the lead-
ing head under no load for myosin V. The parameter
values are the same as in Fig.6.

Because the distance between the two MDs of
myosin V can vary within a limited range around
their equilibrium distance, and, on the other hand,
the binding force of the binding sites on actin must be
strong enough to overcome the elasticity of retaining
the equilibrium orientation of the detached head, it is
expected that the detached head will bind to the actin
in a narrow range. Thus the step-size distribution is
also narrow. However, because myosin VI (or the mu-
tant myosin V in Ref.[16]) diffuses with both heads
detached, it is anticipated that, similar to the bound-
level distributions as observed in Refs.[32] and [33],
the leading head binds to the actin in a wide range.
Thus the step-size distribution is significantly broader
than that of native myosin V. Because of the diffu-
sion behaviour, we also expect that myosin VI (or the
mutant myosin V) may have backward steps against
forward force Fg and have forward steps of two-step
size. These deductions are in agreement with the ex-
perimental observations.[6:7:16]

Finally, because during the moving period one
head remains bound to actin for myosin V whereas two
heads are detached from actin for myosin VI, we would
expect that it is relatively much easier for myosin VI
to diffuse away from (or release) actin than myosin
V. This means that myosin V can take many more

steps than myosin VI before releasing actin, and this

is supported by experiments: Myosin V can take at
least 40-50 steps on average before releasing actin, !
whereas we see that, from the measured mean run
length of 226nm,®! myosin VI can take 226nm/36nm
~ 6.3 steps on average before releasing actin. Fur-
thermore, because of the almost free diffusion along
actin at near stall force, it is easy to understand why
myosin VI exhibits remarkable oscillatory behaviour
with rapid transitions between two bound positions.!®!
However, because there is always one head bound to
actin, myosin V occasionally steps backward at high
load.[1]

In summary, we have proposed a new hand-over-
hand model for the processive movement of myosin
V and myosin VI that relies on chemical, mechani-
cal, and electrical couplings. This model is consistent
with the measured pathway of myosin ATPase and
the structural observations by electron microscopy. In
particular, the model can give a very natural expla-
nation of the similar dynamic behaviours but opposite
moving directions of myosin VI and mutant myosin V.
Using the model, the much shorter mean run length
and the significantly broader distribution of step sizes
of myosin VI (or mutant myosin V) compared with
those of myosin V are well explained. The theoretical
results of the dwell duration between steps versus load
for different ATP concentrations and versus [ATP] at
low load for myosin V are in agreement with previous

experimental results.
Appendix

In order to derive the mean ATPase time T =
1/K (where K is the mean ATPase rate), we first
adopt g(t) = §(¢t — 7). In this case the mean ATPase

time tg has the form

T 2T

to :T/h(t)dt + 2T/h(t)dt 4+
0 T

+ nt / h(t)dt.
(n—1)T

(n is an integer and n — o).

Substituting Eq.(4b) into Eq.(A1) we obtain

ko Texp(—k17)
ky — k1 1 —exp(—Fki7)
k; Texp(—koT)
ke kg1 exp(—kaoT)’

to =7 4+

(A2)

Because ¢(t) and h(t) are independent of each
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other, we have the mean ATPase time T

T= /tog(T)dT. (A3)
0
Substituting Egs.(4a) and (A2) into Eq.(A3), we have
Eq.(5).
Since 1/ty, =k, = kpo [ATP], from the expression

of t;, (see the text) it is reasonable to assume

a; = a”[ATP], (i=1,2). (A4)
Therefore,
ago)aéo)
kpo = . (A5)
ago) + aéo)

For an approximation, the mean ATPase time T

is usually taken in the following form in the literature

T =ty +t.. (A6)

From Eq.(A6) the well-known Michaelis—Menten
equation, Eq.(3), is obtained.

When there is a force exerted on the MD, the
mean ATP turnover rate, k., and the mean ATP bind-
ing rate for unit [ATP], kpo, should follow the general
form for the kinetics of an enzymatic reaction, which

is of the general Boltzmann form[?%:3¢!

k(1 + A)

Fe = 1+ Acexp(—F§/kgT)’ (AT)
KO+ A
kbO b ( + b) (AS)

T 1+ Avexp(—Fd/kgT)’

The detailed explanation for the above equations is
given in our previous paper.[2?]
Similar to Eqgs.(A4), from the expression of t.
(see the text) and Eq.(A5), we obtain Eqs.(7) with
k10k20

kwokx o)
k1o + k2o
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